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ABSTRACT

The phenomenology of two atmospheric high-explosive detonations were calculated
theoretically. The first was a 20-short~-ton spherical charge of TNT (loading
density--1.56 gms/cc). The second was a methane-oxygen mixture (mole ratio 1 to
1.5) contained in a 55-ft-radius balloon. Both detonations took place at an !
altitude of 670 meters (ambient pressure 13.6 psi) with a reflecting surface ‘
85 feet below burst point. The calculations, taken out to 300 milliseconds after
detonations, weve performed by using SAP, a one-dimensionral Lagrangian hydro-
dynamic code and SHELL-OIL, a two-dimensional pure Eulerisn hydrodynamic code.
Volume II of this report contains the details of the results in graphicsl form.
Included are pressure and density contcurs, velocity vector plots, and wave forms
for 19 test stations.
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SECTION 1

INTRODUCTION i

The Air Force Weapons Laboratory is engaged in a series of theoreticsl
calculations of the phenomenology of atmospheric nuclear weapon detomstions.
These calculations sre tased chiefly upon a series of large compute: codes, to
ensble prediction from essentially first principles, of the phenomesnology from
micrcseconds to minutes after a detonstion. The purpose of this undertaking is

e AT T R

to provide a best theoretical pictv~e of the phenomenology of atmospheric deto-
nations for use in radar and re-entry vehicle vulnerability studies.

Three main codes are used in this program: SPUTTER, s one-dimensionsl
radiation transport Lagrzagian hydrodynamic code; SAP, a one-dimensional
Lagrangian hydrodynamic code; and SHELL, a two-dimensional Eulerian hydrodvnamic
code. The first, SPUTTER, takes the radiative output directly from wespons %
design calculations, deposits the emergy in air, and calculates the radistive _ 7 ]
and hydrodynamic growth of the fireball to a time of about one second. It uses
a multi-frequency transport scheme iovolving typically 20 frequency groups. The : ,
output of this code is used as input to SAP, which calculates the bydrodynamic -
expansion of the shock wave zt various angles to the horizonial. This calculatien |
can proceed to grest distances sc that ev:n the shock on the ground can be
estimated, but it is chiefly import: .t in the strong-shock region of interest
in R/V vulperability. The output of SFUTTER is also used as imput to SHILL,
vhich calculates fireball growth and rise to late times. The output of chese

e e e a1

codes 18 processed to give the desired cbservables such as pressure, temperature,
and velocity. '

The first shot so calculated . as BLUEGILL, a high-altftude detonation of the
DONINIC-FISHBOWL nuclesr test series. This particular shot was chosen because
of the extremely fine field dare availsble on it. The calculation, completed and
repcrted (Ref 1 and 2), agreed vith the field iata to within experimental errc

-y
sy im
L

and 80 has given considerasble confidence {n these codes o s.iaulate stmoepheric i
detonations.

ot -

L 4
O

Ir support of DISTANT PLAIN pre-shot pilanning, SAP and SHELL were modified
to calculate the phenomennlo, - of atwospheric EE detonstions. A "burn” routine
vas included in SAP tc proviie the initisl conditions for the calculstion of

1
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Lydrodynanic shock grov h. Besides providing the initial conditions and pressure~
dietance curvze, output from SAP was also ueed as inrut to SHELL, which calculated
the two-dimensional phenomena such as shock refleztion, mach stem formation, and
triple-point path.

There were two calculsatioes each with a different energy source. The first
wvas a 32-short-tos spherical chirge of TXT detomsted at a height of 26 ~-ters
vhich was 670 meters sbove sea level. The second was a 23.2-ghort~ton spheri:al
charge of methame-oxygen mixed in s mole ratic of 1 to 1.5 detonated at the same
hefight as the TET.

Both cslculations were run on SAP and SHELL, usirg SAP output as initial
conditions for the SRELL calculation. The main festures of the output are com-
pared in as great detail as possible, and the hydrodynamic quantities are plotted
for a large ouober of times fr Volume IIX.

P s bt pa e i s v e
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SECTION 11

THE SAP CODE

SAP is & one-dimensional Lagrangian hydvodynamic code. It gets its name
(Spherical Afr PUFT) from another AFWL one-dimcnsio~.. Lagrangian hydrodvnawmic
code, PUFT (Ref 3 and 4) from which it evolved. PUF¥F 1in turn evcived from the
LRL, Livermore, SHARP program. (Ref 5.)

SAP is not a geneiral one-dimensional code bit has been speclalized to prob-
lems of atmospheric blast in order to increase its speed and accuracv. Written
in the spherical coordinate syster, it can calculate hydrodypsmic shocks at any
angle to the horizontal. It has a capability of over 100G rones arz ia normally
run without an automstic rezone. The mesh is rezoned periodically, combining

zones "by hand" when necessary.
Other features of SAP are:

a. FPadiation loas is possible, i.e., a tertain amount of eaergv miy be
removed from every zoae, each cycle, b & subtroutine that deieruines the emission
rate ag a fuoction of internzl energy and denrity. (For the caiculations reported

he.ce, this option was not used.)

b. A& “continuous burn” r. :tine based on Chasmen-Jouguct theory was
developed for SAP. This routine piuvides the conditions existing in the gasczous
explosive products at the ir.tant the detongtion ware reaches the surfs-e of the
explosive charge, C..h conditions provide more realistir starting cond{tions for
the blast calculation thau an isothermai sp... . ich is more sppropriate as a

starting cond{ticn for a simulated nuclear burst calculation.

¢. Shocks a2 e caiculated in the Von Feur-nn-Richtmever mannur. SAP

contains provisions for the cvse of a iinear #1d or quadratic a . ificial viscumity.

d. SAP uses a real atmospbere that is stabie under sn R°* gravity fiald,

snd an «justion of state for air thet fs &n empirical fit te Ezlsenrath's data

(Ref € and 7).
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The squations solved in SAT are the partial differantial equations frr
nonviscous, ncnconduci’ng rempressible fluid flow written im Lagrangiaa form.

These equations, 1lncluding the equation of state are:

Mags
A
Y ., (.ay.)
P = 0 (1)
(3t)xo ax t
Momertum
(Bt) +o(ex) 8 ()
X, t
Energy
91 Vv
(), (), -
Xy Xq
Equation of State
p = plp,I) (4)

wvhere 3

p = density in gms/cm
u = .elocity in cm/sec
p = pressure in dynes/cm?
I = gpecific internal energy in ergs/gm
V = specific volume in emd/gm

= 1/p
s = energy source in ergs/gm/sec

x = Fulerian coordina.e i. cm (position of a point of fluid relative to
some external referancc frame)

Xy = Lagrangian coordinate (permanent lable attached to each moving point
of fluid)

g = acceleration due to some external body force in cm/sec? (e.g. gravity)

t = time in seconds

and whore the subscripts above denote what Js being held constant 'n each

derivative,

The finite difference approximations to the above equations, is used in SAP,
are obtained in the usual manner, The fluiil is divided into a mesh of fluid
e.emonts. Dreseures, densities, and specifi: internal energies are defined at
zone centers. Velocities aud positions sre defined at zone buundaries. See

? %
figure L.
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=] radion

Figure 1. The SAP Mesh,

The tinite difference equations are explicit time aond space centered equations.
The time centerinz is achieved in an explicit scheme by defining the velocity

and coordinates of the mesh points a balf cycle apart in time. Tha finite dif-
ference equaticns are written:

Momentum
(n)  (n) (n=1/2) (n-1/2
L (H1/2) o (ne1/2) (”2-;/2 %112):)(“1-1](2) - “j(+;a Ty ¢ 8
k] 4 . n n n n n n
1’2‘["3-1/2 ("j - "3-1) * Py41/2 ("14-1 - X )]
(wl/2) (n-1/2)
At + At
. > (5)
Transformation ‘
L) () o (o41/2) A':(n+1/.°:) (6)
h] h) 3
Coutinuity (0) [ (o)\3 (o) 3
(n+l) - pj-l/Z (xj , - (xj‘l)J (7)
Py-1/2 (x(n+1))3 3 (x(n+l)\3
73 -1
tnergy
- (n) (n+1/2)
(o) P Py Y2y, y(mH) _ yl)
j-1/2 - T3-1/2 Py - P2 1 ]
2 - p(®)
4-1/2 ®
. 3;?:%” pe (PH1/2)
5
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Equation of State "Q},'.

(a+1) _ ( (o+1) (o))
Py.1/2 P("j-l/z Ij-l/E) 9 .
wvhere the energy equation is the simultaneous solution of the first lsw of thermo-
dynamics, -
I(nﬂ) - I(n) -1/2 (p(nﬂ) + p(n))dv (10)
and the equation of state,
p(u+1) - p(o(nﬂ)' I(::4-1)) (11)
and where .
p, = » (o™, 1) (12) .
, _ 8
pl - p (p(n+ )’ I(n) - p(n)d9 ‘ (13) ]
Ses reference 4, j
The artificial visccaity term is given by ! g :
pdu (-clcs + (co)2 Au) if 2%-5_0 .
- and %§-< 0
q = o (14)
if % >0 i
0 Ju
or == 2 0
which in finite difference form becomes
g (n+1/2) (ntl) [ (n+1/2) (n+1/2) (n) \n+1/2) (n+1/2)
; qj-x/z = 01_1/2 (uj - “j-l ) [-c1 cgj-l/z + coz “J - uj_1 )]
(15)
(n+l) (n) (n+1/2) (n+1/2)
if <%j-l/2 - vj-1/2) < 0 and (u.1 - uj_1 ) <0
f (n#1/2) _ ]
| and q’_l/2 0 . £
(a¢1) _ (n) (+1/2) _ (a+1/2) : 4
1f (Vj-x/z - VJ-IIZ) >0 or (uJ - uj'_‘l ) >0 (16) 3 I
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where cs 1s the local sound speed, ¢ is the coefficient of linear viscosity
(= 0.5), c, is the ccefficient of quadratic viscosity (=1.8). The subscripts

(§'s) above are the Lagrsngian coordinates anc the superscripts (n's) refer to
time such that t(n+l) - t(“) + At(n+l/2),

The SAP calculation advances explicitly in steps or cycles. That is, the
zone quantities are calculated for the next time in terms of those at the present
time., The order of calculation proceeds in the same sequence as the finite dif-
ference equations are presented:

(n+1/2)
a, A time step is calculated such that At is the minimum of all
X, - X
i and 0™ 12 (pes 3)

2¢ es + 2c; 2{Au| + cs

’/‘
b. The momentum equation is solved. 7
-~
c. Transformation is accomplished. //w’
I
d. q(n+l 2)'3 are calculated,

e. The energy equaticn is solved.

p(“+l)'s are calculated.

g. Edits are performed if desired.

SAP being a Lagrangian code enjoys all the advantages and suffers all the
disadvantages characteristic of Lagrangian codes. Fine resolution is pcssible,
since those regions requiring fine resolution retain their fine zoning since the
coordinate system moves with the fluid. For this reason fine resclutior is found
in shock regions. However this is at the expense of resolution in rarefaction
regions. The motion of material interfaces is also closely followed, since
coordinate lines can be placed along them and will forever follow them.

Burn

Tﬁe phenomenon of detonation from the time of its discovery, haes been
theoretically treated on the basis of shock-wave theory. Esrliest observations
of this phenomencr found that the fundamental property of detonations is that
the detonation wave, for a given initial state of explosive subatance or mixture,
is propagated through that substance or mixture with a constant velocity. This
property has been explained by Chapman and Jouguet whose work has resulted in a
hydrodynamic theory of detonation.




APL-TR-66-141, Vol. I

Starting with *he experimental tact that detonation is a stable and sta-
tionary process (being sustained by the emergy of chemical reactiocn), they have
shown that the detonation velocity is the minisum of all possible velocities for
stationary conditions of propagation of a chemical reaction by a shock wave.

That state, corresponding to the minimum value of velocity, has several interest-
ing proportias: the entropy has a minimum value on the Hugoniot curve and a
saximus on ths straight line in the p-v plane, which joins the corresponding
point to the i{nitisl point, Po» Vor The detonation velocity in this state i=
equal to the sum of the velocity of the burned gas and the velocity of sound in

__the-burned-ges.

Therefore, bas;;\aﬁr{hg above properties of a Chapman-Jouguet detonation,
a "burn" routine was written“for SAP. Two methods of "burn" were used, both of
vhich gave excellent results. In the first, the theoretical detonation velocity
and the energy released per gram of eiﬁlqnivc substance are entered as input
numbers. Then 4

g{EH) o (@) 4 pye(¥1/2) 17

and 3
a1 -[(n(“'”)) - (n(“))i]p{““) Q (18)

vhere R = rgdius of the detonation wave in cm

‘e

D = detonation velocity in ca/sec
At = time step in sec

AL = energv released during the time step in erge

p = density of the cell which is currently being "burned" in gms/cm}
k = index of cell currently being "burned"

Q = energy liberated during detona:ion in ergs/gm 7 a

In the second method only the energy released per gram of explosive substance.

detonated is entered »s an input number. When the transformation calculation {s
i perfofned the radius of the detonation wave is similarly ipdated:

B | u\(‘n-nlz) _ (o¥1/2) - »
. (n) (n+1/2) k-] n (n+1) (n+1/2)
&y om0 o T ey (R " Mk ) o (9
% 7 kel '
Then the new radius of the detonation wave and the energy released is ¥

calculated:
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g (m+1) (nh1/2)

- 3 + csAt (20)

51 = [( ‘“*”) ?(3} (=) o (21)

where cs 1s the sound szpeed in the burned gas.

Therefore, the sequence of calculations with "burn" becoras:

b.

i.

1
Calculate t(“+ 2

Solve the momentum equation for all u{7t1/2)

J(n+x) . x;::) . uj(mx/z) (241/2)

Calculate R as ghown above if method 2 "burn" is used.

Update the Eulerian coordin.ies: x

Calculate the new radius of detonation wave.

Calculate energy released due to the detonstion of material in this
time cycle and add the energy to the cell.

Sclve the energy equation.
Calculate the new pressures from the equation of state.

Go to a and begin next cycle.

This sequence is foilowed until all the explosive matter hss been detonated.

Then the calculation becomes a '"pure" hydrodynamic calculation.
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SECTION IIT
THE SHELL CODE

SHELL is & versatile two~dimensional hydrodyramic code. It can be used to
solve prublens in any wedium whose motions can be analyzed on the basis of
inviscid hydrodyninic behsvior of & cylindrically symmetric, compressible fluid.
Some typical problems sre: hypervelocity impact, cratering, vehicle re-entry,
and detonations, undergrownd, undervater, and in the atmosphere. A model and an
equation of state for the mecdium of the problem are required by the code.

. The Air Force Weapons Laboratury has two versions of the SHELL code. Both
were developed at General Atomic by b. E. Freeman and W. E. Johnson primarily
for hype  _ocity impact calculations. The codes were modified at AFWL to
calculate rireball rise and expansion.

The first snd older of the two, SHELL-PIC, uses the Particle-in-Cell Method,
developed by F. H. Harlow (Ref 8) at Loz Alamos in 1955, to solve the hydro-
dynamic equations. ' The second, SHELL-OIL, is a continuous version of SHELL-PIC. iy
Since carly 1963, development of SHELL-OIL has been continued by J. M. Walsh and
W. E. Johnson. ' '

SHELL-PIC and SB!LL-OIL have been in use at APWL since 1961 and 1964,
respectively.

In the following pages only SHELL-OIL will be described, since it was used in
the calculations reported here. i

The equations solved in SHELL are the partial differential equations for

nonviscous, ncnconducting compressible fluid flow. These equations, including
the equation of state ar-

Mass
?
(Z+¥9) o+ ovueo (22)
Moaentum
3 .
p(-a-t— + e°V) T+ Vp+ 0V =0 . (23) '
‘ Energy
o(vft- + t}-v) E+Vepd + o%e0 = 0 (26) ‘

Eguetion of State

p=p(,D (25)




P e A v

AFPWL-TR-66-141, Vo' I

wvnere o = density in gms/cm’
®: velocity in cm/sec
! B p = pressure in dynes/cm?
E Z specific total energy in ergs/gm
: «1+1/2u?
1 = epecific internal energy in ergs/gm
. t = time in sec
~ ¢ £ potential of external force field in ergs/gm
a. SHELL-OIL

SHELL-OIL is a one material, pure Eulerisn code. It solves the hydro- 3
dynamic equations by dividing the region occupied by the fluid into a mesh of | .
fixed cells. The fluid is then described at any instant of time by specifying the
velocity, density, and internal er :xgy for each cell. These values sre considered
to be known at the center of each cell and constant over it. This forced homo~
geneity of the cell introduces a false diffusion, one dissdvantage of Eulerian codes.

Other dissdvantages of SHELL-OIL are the general inability of Eulerisn :
codes to resolve fine detail moving with the fluid, since the mesh is fixed in E L.
space aod the fnability to follow material interfsces. However, Bulerian codes 1Y ”]j

enjoy the major advantage of being able to solve the hydrodynssic equations even
in the presence of large fluid distortions.

G ——

To begin a SHELL-OCIL calculation, the problem must first ba generated by
CLAM, the generator code for SHELL . CLAM sets up the mesh, giving each cell dimen-

sions and the following quartities: a radial and an axial velocity component, & %{2
mass, and a specific interpal energy.

1t

The cell quantities are derived from data entered in groups of packages.
These datas include the type of material, dimensions, velocity ccmporents, density, :

and specific internal energy of the package. To describe as many geometries and |

energy, density and velocity distributions as possible, CLAM places N2 particles ’

into each cell, vhere 1 < N < 20 and is also included in the package cata. Esck

cell 1s divided fnto N? equal parts, and a particle is placed at the center of esch 3
' area. Taking this package dsata, s fit assigns esch particle two velocity com-
ponents, a density and a specific internal energy. Then the mass of each particle
is computed: the density times the volume of that part of the cell containing

L g P e oy A 1

-

PP -

the particle. The mass of the cell is the sum of the masses of all the particles
in the cell. Both momentum components are calculated as the sum of the tvidual
momentum components of each particle in the cell. The internal energy of cach

11
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eell is the sum of the internal energies of all the particles in the cell.
Finally, these cell quantities are con.erted to two velocity components and
specific internal emergy.

The geometries availsbie in CLAM are: rectangle, triangle, ellipse, per-
turbed elliipee snd circle. These geometries are in the r-z plane and tske their
3-dimensions]l ecounterparts upon rotatiocn sbout the z-axis.

After all packages hsve been processed, CLAM puts all cell dimensions and
quantities on tape. (If CLAM were gensrating the problem for a SHELL-PIC calcu-
lation, the coordinates and masses of each particle would also be written on this
tape.) 7This output proevides the starting conditions for the SHELL calculation.

Since SHELL-OIL is a on2 material code, an option to insert massless trace
pcrticlnl fato the problem has deen included in CLAM st AFWL. The purpose of
these trace particles is to follow the detailed motion of a lsbeled material, to
simulate the motion of s Lagrangian interface, or both. Therefore, the CLAM
output also includes the coordinates of these trace psrticles on tape in sddition
to the cell quantities and dimensions for a SHELL-OIL calculation. These trace
particles do not affect the hydrodynsmics in any msnner.

The SHELL cslculation advances explicitly in steps or cycles. That is, the
cell quantities are calculated for time t + At in terms of those at time t. The
solution of the hydrcdynamic equations is divided into two phases. In the first,
the Zulerisn f.ald functiocns are updated considering pressure effects alone,
vhile neglecting materisl trsasport due to fluid motion. In the second phase,
continuous mass flow across cell boundsrids, nev ce!l densities, velocities, and
specific internal erergies are calculated. Mass, momentum, and total energy sre
coaserved. If mass flows out of the mesh, an nutoaatic rezone increases the size
of the mesh.

There are three time control conditions that govern the time step, At. They

Are:
2. The courant cooditice

2 1Yy o =
b. The aaximm of I“i and ‘u‘ < =

¢. A negative time step option
The first two conditions prohibit the transmission of a2 signal or mass scrose
more than cne coil in one time interval. This requiresent i{s {eposed ly con-
siderations of stability of the finite difference equations (Ref 8). The third
condition will be discussed below.
12
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After a time ster has been determined, SHELL performs the first phase of the
hydrodynamic calculation vhere the Eulerian description of the fluid is advanced.

This is done according to a finite difference approximation to the hydrodynamic
equations, Eq 22, 23, and 24.

Conservation of mess (Eq 22) 1is sutomatir+lly satisfied by the fluid model.
Mass, vhich leaves one cell, enters another and the change in mass is accordingly
subtracted from the donor cell and added to the receiver cell.
created nor destroyed.

Mass is neither

Conservation of mowentum and energy, (Eq 23 and 24), is treated as follows:
the first phase considers the fluid at rest and determines only the comtribuiion

of the pressure terms to the time derivative. Therefore, the transport term

(second term on the left-hand side) of each equation is drcoped. Since the
hydrodynamic quantities are defined at the cell centers, the equatiors in
finite difference form become:

Mowentum . (@) 1 ™ o opp®
-y + e At (26)
Y k o(n) Ar
k
om(D) (n)
v () 1 PB - PA
vy vy + p(n) e At (27)
- k
Eaer
Eaergy , o P‘(‘n) Fn(n) _ u(n)+ ¥ - N
k"t (n)[ bz
"
7 ow® _m® .- BJ_A_:_
+ + Ar 2 28)
L R B
where p, + P tP
S S R
2 2
p, tp p, + 9P
pp = KBk kA
2 2
v, + ¥V v, + v
k kB X kA
VB - — VA = 5
| e) * o (rae * 7o)
o )
o - uk&ri + tf«‘J + “nﬂ’m + ri)
4

and k {3 the ifudex .of the cell center and { is the index of the right-hand
boundary of cell k. See figure 2.

Two passes, in succession, are ssde through the first phase of caiculation of

each cycla. In *be first pass, tentative nev values of velocfty sre_calculated
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bas become nepative.

for a full time step. The interms! energy is updated by half a time step, using
the old velocitios. In the second pass, the internal emergy is updated snother
half-time step. using th: tentative sev velocities calculated in the first pass.
Ihe cuasey oquation is treated in this fashion, as proposed by Harlow (Ref 8),

from coasiderstions of siability as well as greatest accuracy ia the behavior of
fluid en.ropy. The energy of the system {s conserved identically, even in the

fisfite differemce approach.

L3

In doth pssses, tha internal energy is checkel! to see 1f the updated value

Imox

If it has, an option exists to integrate back to the
original configuratiou of the fluid at the beginning of the cycle by using the

€

‘e

negative At. Them the integration goes forward agsis with a smaller At which
has been calculated sdd which will keep the internal emergy positive.
J mox
KA
i
K| K |KR
r 4
K8
H
‘ \ |
0 i
R
1 1s the right boundary of cell k
§ is the top doundary of cell X
kA 13 the cell above cell ¥
eLe. Figure 2. The SHELL Mesh.

Iu tha sscocd phase of the hydrodyunseic calculatinr. contimsous mass trans-

port is calculated according to the &quaticn for the conservaiios o. mass, which

in £ a difference Torm is:

& l T3t Tt Ax
14
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This can be rewritten to the >llowing form, which is used by the code,

. (n+1) (n) 2 . gl 3 g U
el e [(ri - '1-1Xvs°n - 'T”T)J' 2 (r“‘u'fL ) riu“p“)] (3us

. Yhere mass flux across bottom face of cell K

(3]

;TpT = mass flux across top face of cell K

u : mass flux across left face of ceil K

L’L
GRQP : mass flux across right face of cell KX

and wvhere the censities are t!. .se of tue donor cells and the velocities are

. n, "
. - l/Z(y! + vg)
RN CERMEE: )
M Kj X; !

1/:(&E + &K)

TR R &
h ¢ Ar ! ‘
. vhere M signifies the index of the donor cell. The velocity weighing ccheme used i

above i{s one that en:ures ezability in regioms beninc a shock frout {Ref 9).

When mass lransport is being ralculated for 2 given cell, the transfer at
the lelt and bottom faces is already available from the previous columm sweep
and ce}. Lrlow, respectively. Therefore, for a particular ceéll, the mass trans-
port is calculated for the top anu right feces unly. After the maszes trar -
ferred at all faces of a cell have been determined, “he mwsenta ard the total
sccoifie energy associated with thes< masses are corpured. Thern, by conserving
poth axial ard radial momentum, the new velociti ire calculated., The *2t135)
energy rarcied by the transpurted masses i3 sudtracted frosm iue domor cell and

added o the receiver ceili. Then, by conserving total eprrgv, the new internal

znergy of each celi is the lirterence betweer the rnaw fotal erergy and the new

kinelic ewerov. The new specific iaternal eaergy s the ner internal rnrrrg
- +

*

divided by the new mass.

Linel} ”{'ﬂ? e o
- = M Lt S R SR TS . (31}
H R ‘ E3 X b r ®
- '! L . N . o
- win? Nt SNy My - M g - Ny
frad - 4 'y B M X R . M 15y
v — —
. k GLintid
. " ' |
[ e .x =
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!‘(t,m) . {"{n)[fk + ;_/;g(:x‘zt + %i)j + AHB[YH + 1,2(?,‘,?1 + ’\Vf,i)]
+ AHT{YH + 1/2(&‘2( + i}ﬁ): - AMT[iH + 1/2({‘!.'24 + Wﬁ)]
ot + vl ) e o0

Whet 2 AHB’ uML, AHT. &né AHR are the masses, in gms transferred across the bottom,

laft, top, and right faces of cell K, respectively, and where the quantities
enclosed in brackets and subscripted by M are . he specific total energies of the
donor cells. The atcve are the firal values of velocity, mass, snd specific

!nternal eneryy for the cycle.

if any mas:; leaves the top, right, or bottom® boundaries, thac mass and the
associated energy are i ubtracted fria the total mass und energy of the system

regpectively, If the mass leaving the resh Is a cevtain percentage of the mass

of the cell from which it left, a flag is set to rezone the system. Additional
lazgs are alszo set to indicate whether the top, bottom, and rignt boundsries,

or any combination of thease three, of the mesh have been crossed.

The automatic rezone for SHELL-OIL has been developed at AFWL. In .ezone,
a predetermined number of columns and or rows, depending whether the top, bottom,
and or right boundaries have beex crossed, are deleted. The remaining celis are
expanded in size to fill the original geomerry of the meeh. The mass ox each
expanc2d rell is the sum of the masses of thcse portions of the original cells
which meke up the new celli. By conserving momentum and total epergy, new
velocities and inrernal energies of rhe new cells are calculated. Then the same
number of columns, rows, or both, that bave previously been deleted are now added
to the mesh thus regaining the original! aumber of cells. Amblent conditions are

givai to these added cells Th~ calculation is then resumed.

The calculation of mass transport ir SHELL-OIL has anc_her festure that

recves preferential transfer caused by initial choice of indexing. £ the mass

*®
here s .lso an option for a reflective bottom boundary as was use. in ihe
~aleulation reported here.
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out the top and righc would remove more than the mass in the cell, the code
recalculates new mess transfer by & weighing procedure. The AHR wvould be ite
fractinn of the total mass out times the mass of the cell and'AHT would be its

fraction of the total mass out times the mass of the cell. That is,
My (n)
My = aM+ B¥, (MK + oM 4 AM'B) (35
Mg (n) .
A“R'm(“u +%+~"s) 36

In this calculation AML and AHB are consideved zern if they are flowing into cell
K so thar the maximum mass that could flow out the top and right is }(n)‘ However
L€ AML and AMB are flowing out of cell K, the cell is committed to deliver this

+ oM

+ AMB {whe~e AML and AMB are negative signifying flow ir negative direction).

mass and so the maximum mass that can flow out the tep and right is HK

After the final velocities for the cycle have been decermined for all the
cells in tlie mass transport phase of the calculavion, trace particle movement
is calculated. The trace particles play no part in the hydrodynamics cf the

gystem but are merely moved to new p~sitions according to

X = x5 + u’At 37

y =y, + vt (38)

The velociti=s used to move each particle are the local velocities at the location
of the trace particle. They have values which are interpolated between the velo-
citieg of the cells whose centers surround the parti~le., The velocities are
obtained by assuming a rectangle with the same dimensions as a cell to be located
around the particle. This imaginary cell overlaps from one to four mesh cells,
depending on the position of the parti-le in the mesh cell. Then the interpolated
velocity is calculated as the weighted average of the cell velocities, the weigh-
ing being proportionsl to the overlap areas. Hence the wotion of the trace
particles follows the motion . materiai, or a Lagrangian inter/ace, depending
on how the particles were originall; placed in the problem, and gives a picture
of the flow pattern. After al: trace particies have beer. moved, the calculations
for the cycle have been completed, and the next cycle begirs with the determina-

tion of a new time step.
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b. Stability fi Ll

unatable, since they do not contein the dissipative mechanism necessary for a
finite difference tachnique to caelculate shocks. Since shocks appear as mathe-
mutical surfaces on which such fluid propertiesc as density, pressure, internal
energy, and entropy have discontinuities, suitable boundary conditions (those pro-

The Bulerian equations used in the first phase of the calculation are E N i

vided by the Rankine-Hugoniot equations) are needed to ciuanect il vaiues of the [ .
above quantities on both sides of the shock. KHowever, Von Neumann and Richtmeyer, . .
(Ref 10), have shom that the hydrodynamic equations can be straightforwardly y & }
solved by numerical methods if an artificial dissipative term is introduced.

This teru smears the shock so that the surface of discontinuity is replaced by a

thin layer in which the above quantities vary rapidly but continuously. Hence, R
the numerical calculation proceeds as if there were no shock at all and at the | B .'}i
sane time satizfying the Rankine-Hugonint conditioms. o

The instability of the calculations in the first phase introduces the main o
source of encrrcny loss in the entire calculation., However, stable celculstions

con be made by SIELL, since errors introduced in the second phase have the effect

‘e

of smoothing out the discontinuities.

Harlow (Ref 8) has shown that the treatment of mass movement in the seccnd
phase of the calculation produces dissipative effects that give stability to the
calculstion. He demonstrated this by expanding the difference equations in a

Taylor series about some central space and time. The result was the original

differential equations plus some additional terms thet, in lowest order, have : B B

the appearance of true viscous and heat conductivn terms. Hence th2y are called

the effective viscosity rnd effective heat conduction.

Congervation of Mass

i r e idme

? 3 . 3(rpu) . 3lev) ii~ o
| ot T ror ' oz "0 (35) { IR
i . y »
toncervetion of Momentum--+ direction R t
, ‘ , 8 | ¥
; Wy W) By ), 2 () ) i AN
; p(at tege by 3z) tor rar (rxu ar) ¥ 2z (Av oz (40 . ¥ GF
‘ Conservation of Momentum--z direction :
H .
E DR )2, B, L () )
{ °(at'+ T a:)'* 2z = vor \Puar) t 52 \Mv 3z (41) L
i
18

R




AFWL-TR-66-141, Vol, I

Conservation of Energy

3 SUFRNE) QU ) § ru) , v
“(a: tuygty az) tr [ T 8:]
o (e 3y, A 3u\? | (av)?
rar (rku Br) Y (Av 3:)'+ Au [(Bx) + (3r) ]
3u)? | [3vy? '
A [(az) + (az) ] (42)

wvhere .
A, = Y2o|uar

Av = 1/2p]v|az

However, Bjork (Ref 11) has shown ti.at any attempt to relate the terms
appearing on the right-hand side of the equations above to distinct physical

effects leads to many contradictions. Some are: the "effective viscosity” terms
contain symmetric and antisymmetric elements; the c :igin of the symmetric elements
1e not viscous in nature; the presence of the antisymmetric elements just adds
confusion to any attempted representation; the terms dc not leave the flow
equations in an invariont form; a heat conduction law is implied where heat flow
is proportional to the gradient of specific internal energy rather than of
temperature. Moreover, thg values of these terms far exceed the magnitude of

the analagnus physical terms. Therefore, these terms cannot be thought of ss
anything e~cept errors, but they do make SHELL a practical code.

1he form of the efifective viscosity suggesis another limitation of the SHELL
code. Since the viscous effects are proportioral to the local mean fluid speed,
in regions of low fluid speed the viscosity will become ineffective and the
instabilities of the difference equation will cause an exponential growth of any
perturbat.ons to the solution. But as the velocities increase and become com~
parable to the local sound speed, the viscosity again takes effect to limit
further growth of instability. Hence, the instability is bounded and calculations

can be nade. This effective viscosity is the main source of entropy production
in the calculation,

19
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SECTION IV

THE CALCULATION

The calculaticns reported here were performed on the CDC-6600 computer. Code
development, cslculation, and output analysis (plotting) required approximately
100 hours of computer time.

1- gg"m

The SAP-TNT calculation was taken from O to 0.534 second. Initially, 800
zones were used. The first zone had a Ar of 0.12 cm, and the other 799 had Ar
of 0.5 cm. The first 327 zones were INT (32 short tons*). The initial condi-
tions were: density--1.56 gn/cn3, internal energy--0, velocity-~0. Beyond these

327 zones, the remaining zones were the ambient atmosphere (670 meters altitude).

"Burn" method 1, as described previously, was used to detonate the TNT. The
detonatiou velocity (corresponding to a loading density of 1.56 gms/cm3) used
vas 6.81 x 105 cm/sec. The energy released per gram of TNT detonated was
4.264 x 10'0 ergs/gm (Ref 12).

The LSZK equation of state for the detonation products of TNT (Ref 12) was
used for the TNT zones that were "burned."” For the unburned TNT, a compressional
equation of state, which is+an analytical fit to the Hugoniot for solid explo-

sives, was used.

2. INT-SHELL

SAP results st 6.52 milliseconds were scaled to 20 short tons of TNT and

used as input for the SHELL caiculation. As a result of scaling, the SHELL
starting time became 5.66 milliseconds The SAP values for density, specific
internal energy and velocity were fitted into the two-dimensional SHELL mesh
containing & real (1962 standard) atmosphere.

A mesh 156 cells in the z-direction and 142 cells in the r-direction for a
total of 22,152 cells was established. All cells except the bottom row of 142

LY

cells comprised the active mesh. Each cell in the bottom row was 644 meters

high and 30 cm wide. Each cell in the active mesh was a 30-cm square.

*This particular charge was chosen to save calculation time, since it was
directly applicable to a proposed surface detonation of a hemispherical charge
of 20 tons of TNT (assuming 20 percent energy loss to the ground) and scalable
to Distant Plain event one.

20
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Therefore, the overall mesh extended from sea-lavel to an altitude of 690.5
meters and out to a radius of 42.6 meters; ard the sctive portion of the mesh
from 644 meters (ground-level) to an altitude of 690.5 metersc and out to »
radius of 42.6 meters. The bottom boundary (ground-level at 644 meters) wvas
reflective; whereas, the top and right boundarics were transmittive and thus
subject to rezone in their respsctive dirve:tions. The left boundary (r = 0)
was the axis of symmetry.

Data were entered into CLAM in to éackagua, each of vhich generated 25
particles per cell for the sole purnosc of fitting the data into the SHELL mesh.
The first package fitted the cmbient atwmospliere into the active megh with the
exception of those cells containe& in s sphere wvhose cetiter was op the z-axis
at an altitvde of 670 meters and whose racius was 16.55 meters. Into thess cells
the second package fitted the S.P results of velocity, density, and internal
energy at 6.62 millisec:nds (5.6% ms scaled).

Trace particles we: e introdu:ed into the calculation in order to follow the
TNT-air boundary. A .agrangian interface of 921 particles was place. in a semi-
circle to simulate tiae TNT-air boundary. The center of this circle was on the
z-axis at an altitude of 670 aeterg, and the radius was 14.188 meters.

Also introduced into the calculation were 19 "test stations™ vhere the over-
pressures, dynamic pressures, impulses, and velocities were calculated 1.: esach
cycle. The positions of these "test stations" were chosen tc coincide wvith
experimental stations. See table I and figure 3.

The equation of state used in the SHELL calculation was that of air, the ssme
equation of state for air as used in SAP. This equation of state was uged for
ail regions including those regions that contained TNT.

3. SAP-Methane

The SAP-methape calculation was taken from 0 to 1 second. Initially 800
zones vere used in the calculation. The first zone bad a 4r of 6.4 cm, and the
other 799 had 4r of 5.0 cm. The first 335 zones contained the merhane balloon
(initial radfus: 16.764 seters). The initial conditfons wvere: density-—-
1.07197 x 10-3 gas/cm?, internasl energy--2.1886 x 103 erge/gm, velocity—-0.
Beyond these 335 rones, the remaining zones were the ambient atmosphere (670
meters altitude).

21

B R




- ANL-TR-66-141, Vol. I

Table I

POSITION OF THE TEST STATIONS

; e Altituie

Test £T 1
Station Maters (Feet) Meters (Feet)

1 0 0

2 7.62 1(25) 0

3 15.24 (50) 0

[} 24.38 (80) 0

5 38.0 (125) 0

6 50.0 (164) 0

7 63.8 (209) 0

8 78.4 (256) o

9 93.3 (306) 0
10 26.0 (85) 2.8
1 38.0 (125) 2.8 9)
12 50.0 (164) 2.8 9
13 38.0 (125) 7.6 (25)
14 50.0 (164) 7.6 (25)
15 63.8 (209) 7.6 (25)
16 50.0 {164) 15.2 (50)
17 63.8 (209) 18.0 (59)
18 78.0 (256) 15.2 (50)
19 28.0 (256) 22.8 (75)
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. exgs/gm (Ref 13). The detonation velocity calculated using "burn" method 2 was
~2.743 x 10° cm/sec, as compared to a theorstical 2.752 x 105 cm/sec (Ref 13).

s
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i

“Burn” method 2, as described previously, was used to detonate the methane.
The amergy relossed per gram of methane-oxygen mixture detonated was 8.0 x 1010

The ideal ges ecuation of state was used for the burned and unburned methane.
Por burned methans, the value of gamma used was 1.2136, vhile for unburned methane,
the value of gamma used was 1.3986 (Ref 13).

SAP-methane results at 8 miliiseconds were used as input to SHELL. The SAP
values for density, specific internal energy, and velocity as e function of posi-
tion were fitted into the two-dimensional SHELL mesh. The geometry and boundary
conditions were the ssae for the methane cslculestion as for the TNT calculation
previously described.

Data were sntered into CLAM in two packages, each of which generated 25 !
particles per cell for the sole purpose of fitting the data into the SHELL mesh.
The first package fitted the ambient atmosphere into the active mesh with the
exception of those cells contained in a sphere whose center was on the z-axis at
an altitude of 6/0 meters and whose radius was 20.21 meters. Into theses cells,
the second package fitted the SAP results of velocity, density and internal energy

as a function of position at 8 milliseconds.

Again trace particles were introduced into the calculation to represent the
methane- 2ir boundary. This Lagrangian interface consisted of 921 particles placed
in a semicircle whose center was on the z-axis at an altitude of 670 meters and

whose radius was 17.0 meters.

"Test stations” were introduced in the methane calculation. The location of
these 19 stations were the same gs for the TNT run. Again overpressures, dynamic
pressures, impulses and velocities were calculated each cycle st these points.
See table I.

5. LSZK Equation of State (Ref 12 and 14)

Landauy, Stanyukovich, Zeldovich, snd Kompaneets have developed an equation }
of ttate?ﬁor the explosicn products of a condensed explosive. They treated the

highly cénprenned gas as a solid, likeping the state of the deconation products
immediately foilowing completion of rc;ction, to the crystal lsttize of rhe
solid state. Further details concerning this equaticn of state are given in the

above menti: ned references.
24
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The LSZK equation of state can be wiitten

- 12 vf, _ 1
P a + B (1 a(v - 1))

vhere p = pressure .n dynes/ca’

[
[ ]

specific internal energy in erga/ga

a,v = dizensionless constunts evsluated
using experimental results

constant with dimensions (ML~3) 1 - v also to be evaluated from
experimental results.

Lutzky (Ref 12) gives the values of the above constsnts foz INT as

- 2.9412
B/Q = 0.53562 (gg) 1o
ve 278

vhere Q = 1018 calories/gm is the heat of detonation and the ideal gas value for
the ratio of specific heats of the products at low densities wss taken to be

Yi - 1.3‘.

This equation of state, as used in SAP for TNT, becomes

p=0.3 Ip + 1.877 x 10*%2-78

6. Equation of State for Air

The SAP and SHELL equation of state for air is & fit derived by AFVL (Ref 7)
from the data of reference 6. Since Lie codes use energy and dengity as the
independent variables and sare pure hydrocodes, the only requirement on the equa-
tion of state is pressure ss a function of energy and Jdensity. It is common to
consider an effective gamma, which i{s 1 + P/pl. The equation cf state returns
(Yeff - 1) from which i{s onstructed the pressure. The region of interest of SAP
and SHELL is chiefly molecular sir and therefore the detailed equation of state
is g. te complicated. The present equation is 2 fairly complex formulation that
gives all of the structure of this molecular region although not always with
extresely high accuracy. The portion of the equation of state of interest in this
problem is the 1072 to 10° density region below Z * 10!! ergs/g=. In this reglon
the fit {s almost always within S percent with an sveiage ercor of about 2 or 3
percent. It is however an interis equatiocn an’ will be 13:placed soon by a sore
accurate formulation. The analvtic expression of this equation of state is given

belew. I {< specific emergy {n units of jerks/uegagram or 1049 ergs/ge.
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y-1lm= {0.161 + 0'2”"”"'“'1 + 0.2800’”5'63(1 - fl) + 0.117e7 /2854

a(1)

+ 0.50&,%{ft)

»(1) = 0.48f,10g,, T + 0.032(1 - £)(1 - fajiomyo 1+ 0058,

1-1, -1 ¢
£, = e M I, =8.540.37 L o(%)

9.05
a1, = 0.975(1)
fo

g 1 I, -I - [p 10015
AT = & O{—t ‘3.055 ,
L2 » \Db_- -
£ omd. T, = 150
3 1 ’
L AIi
AIS LN )

7. Atmoscheric Mcdel

The SHYLL-OLL at—ospheric . ‘4@l was wiso derived by APWL from data conrained
ia reference 15. T: perform hydrod) "emic calculations in the atmosphere, the
atmosphere sust be very stable, otherw:s* the fire. phase of the calculation wiil
result fa fictional vertical velocitiee. TIn!c ~~ndfition is given by the hydro-
static equation

dip(z)!

dz = -giz) o(v)

The atmosphere fs divided into 22 sltitude groups from O to 700 ka whers the
aclecular temperature varje: approximately linearly with slt.tude within esch

group. That s

T{z) =T <+ L(m -2 )
» In (a3
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where the subzero values refer te tie base altitude of each group. Then by usirg
the following relationships:

() w M(z)p(z)
ei BT (2)
M

o
Tm(z) = ET;T-T(!)

and goaz
g(z) = T

the hydrostat!c equetior becomes

dip(z)j Ssﬁc.z dz

pix) R (a4} (T - Le + Z.z)
Ao
vhere a = the radius of the earth
g, = the acceleration due to gravity at .ea level
M = the molecular weight of air at sea level

and K I the gas constant

Integration o: the above between z and z, rejuits in the final form, vhich is

.ised to iuterpolate nregsures in an altitude group

N 3
goﬂoaz ng Lo r, -t
1n £ « i T - 2.

po RL — (3 4+ (. + zo)

- - - ] <+ !
‘a Lro\2 s+ 7 In L2, T 2 ¢

+fa - e 1 2 2

L PRy T f

"
[}

To calculate the defining properties of the model atmosphere, the pressurss st
the bace point of each altitudes group and the molecular temperature .t sea jevel
wvere taken as coastants. Then, star:‘ng at sea level, an itergtive procedure

was 2sed to 't the molecular tewporature gradient, L (*K/om) in the first alui-
tude group. Using L, thus detzrmined, the -plecular temperatu-e of the ltase
peint o ~.. - ~cxt altizude group vas caiculated. Then the iterative procecure
vas again used (o delermine L for the second altitude group Witk this resknigue
the defining propertiss for the atmospheric model stable under the 1/K‘ gravity

field were detzrmiaed. The fiancl results are givea in tadie 1I.
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Table 11 .3;'
DLIFINING PROPERTI..S OF THE AFWL STANDARD ATMOSPHERE L
Molecular scale ’ i
Altitude “emperature Gradient Pressure
z(Km) T, (*x) L (°K/cm) p (Iyaes/cm?) b
0.0 268.1500 ~6.492636 x 1073 1.01325 x 108 e
11.0 216.7319 -1.842590 x 1077 2.26999 x 10° e
2.0 216,5652 9.952301 x 1076 5.52936 x 10% S
32.0 228.5163 2.723233 x 1073 8.89063 x 10° e
47.0 269,3648 5.002971 x 107® 1.15851 = 103 S
$2.0 271.8663 -2,051281 x 1073 6.22283 x 102 '7;’fi
61.0 253.4048 -3.760658 x 1075 1.96917 x 102 B
79.0 185.7129 -8.818089 x 107° 1.24429 = 10! , o
90.0 176.0130 3.986081 » 1075 1.64330 ’ S
100.0 215.8779 3.882785 x 107° 3.00750 x 10~} L
110.0 . 254,7057 1.134533 x 107" 7.35440 x 1072 ) R
0, ‘o‘
126.0 368.1590 1.927120 x 10~* 2.52170 x 10™2 N
150.0 94€.2950 1.803651 x 107*  5.06170 x 107° S
206U 1126.6600 6.716274 x 10~ 3.69430 « 103 Lo
170.0 1193.8230 8.753717 x 107 2.79260 x 1073 o
19C.0 1368.8970 4.,047483 x 1073 1.68520 x 103 th;f
230.0 1530,7970 4.605377 x 1075 6.96040 x 10~ A
300.0 1853.1730 2.825029  10™° 1.88380 x 107" ]
400.0 2135.46750 3.127025 x 10~5 4.03040 x 1073 e
500.0 2448.,3780 1.135442 x 10-5 1.07570 = 16~5 N

600.0 2561.9230 1.695913 x 105 3.45020 x 107

700.0 2731.,5140 vee 1.15180 x 19°%
(Y
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SECTION V

RESULTS

~

The output of both SHELL and SAP consists of valuea for pressure, velocity, -

density, and specific internal energy for each zone, every cycle. However, these -

quantities are recorded on outpat tape at selected times only.

To present this output in the most compact form, the quantities on the
output tape asre processed by a separate code that generates plots of the above .
variables, SAP plots consist of profiles cnly. SHELL plots consist of histo- ‘
grama, contours, and velocity vectors.

The overpressures, dynamic pressures, impulses, and velocities recorded at

the "test stations" were also plotted as a function of time for each station.

Following normsl procedure, SHELL and SAP peak shock pressures were extrapo-
iated to find a "best" value for these quantities. This is usually necessary
since numerical methods smear the shock over several zones, The extrapolation
procedures for SAP and SHELL were developed based on a comparison of results of
SAP and SEELL calculations, of a 1-KT detonation at sea level with the classical
Taylo: solution of a strong blast wave resulting from an intense explosion,
Further comparisons in both strong and weak shock regfons were made with the
1959 blast curve (Ref 17), which has been acczpted to represent the experimental
data from a 1-KT nuclear free-air burst at sea level. " Ii was found that SAP peak
pressures should be extrapolated to that radius where the maximum artificial
viscosity occurs. This procedure holds for both strong and weak shock though for
strong shocks the extrapolated pressures are not sigrificently different from
the unextrapolated cnes, It was also found that SHELL peak pressures should be
extrapnlgted to thgs .alius correspouding to 1/2 the peak overpressure for
strong shocks (above 3 atm overpressure), but for weak shocks, the actual cal-
culated peak pressure shouid be taken at that radius corresponding to 1/2 the

peax overpressure. See figure 4.

The above procedures were used to extrapolate SAPF and SHELL peak overpres-
sures for the methane and TNT detonations. The extrapolated overpressures are

plotted vs. radius and appear in figures 5 and 6.
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1. 7

The following discussion of results of the TNT calculation applies to a
scaled 20-short ton detonation.

The detonation wave in the SAP-TNT calculation reached s self-similar state
very quickly with a peak pressure of 1.83 x 10!} dynes/cm?. It reached the
surface of the TNT at 0,2048 milliseconds. As the shock encountered the air,
free expansion commenced. The peak pressure began to drop and a rarefsction wave
started into the detonation products, toward the center. lieanwhile, the free-
air shock was building up. The rarefactfon wave reached tae center at 0.6 milli-
seconds. At this point, the detonation products were "ccld” and much more denge
than the atmosphere surrounding them. However, the detonsticn products had high
velocities and so acted like . piston pushing the atmosphe e. A second shock
formed in the detonation products just inside the TNT-air interface. It hsd a
velocity smaller than the velocity of the interface so the second shock worked its
way into the detonation products. However the net motion sas still outward. At
16.3 milliseconds, the kinetic energy of the detonation priducts had dissipated
to such an extent that the second shock began to move inwsii towards the center.

Meanwhile the main outward moving shock as calculated by SAP, had reflected
off the surface of the earth at 13,36 milliseconds, with an Zucident overpressure
of 140 psi, and a reflected overpressure of 730 psi. SHELL shows that after the
mein shock has proceeded along the ground for approximately ons burst height
(85 feet), the mach stem begins to form.

At 34 milliseconds the second shock reflects off the center and proceeds
outward. It reflects off the ground at approximately 84 miliise ‘onds with a
reflected overpressure of 19 psi. This shock is very weak and is quickly dis-

sipated. There are also other very weak shocks which are barely aiscernabie.

The SHELL-TNT calculation indicates reflecticn of the main shock at the
ground at 13.6 milliseconds with a reflected peak overpressure of 720 psi
(extrapolated).

An auxiliary SAP calculation was performed, using the same SAP conditions
which served as input to the SHELL calculation. (These conditions were deli-
berately chosen at a sufficiently advanced time when the density and internal
energ; of the detonation products were comparable tco that of air.) For this

run, the equation of state for air was used in all regions: both TNT and air.

The purpose of this auxiliary calculation was to see whether there wuuld be

33
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o significant differences, at these later times, between the results of a calculation

using the LSZK equation of state for the INT zones and those from cne using the
equation of state for air for the INT zones. The results ot this calculation
showed no discernable difference in peak pressures or arrival times. Therefore,
going from a two equation of state SAP calculation to a one equation of state
SHELL calculation vas justified. See figure 7.

2. Mathgne

The detonation wave !n the SAP-methane calculation reached a self simflar
Gtate very quickly with a2 peak prassure of 3.5 x 107 dynes/cmn?. It reached the
surface of the balloon at 6.3 milliseconds.

As the shock wave hit the surface of the balloon, a second shock waa reflected
tovard the center from the relatively higher density ambient air. This shock
soon dissipated and the rarefaction wave started toward the center. The rare-
faction wvave reached the center at 18.2 milliseconds. The rarefaction was
followed by a reflected shock which reached the center at 30 ms.

Meanwvhile the main outwsrd moving shock has reflected oft the ground at 14.2
milliseconds with an incident overpressure of 7.43 x 10° dynes/ca? (108 psi).
For this value of incident overpressure theoretical relationships give a re.lacted

overpressure of 3.77 x 107 dynes/cm? (550 psi).

The second shock reached the ground at 62 milliseconds with a reflected over-
pressure of 25 psi. This shock is very weak and quickly dissipated.

The SHELL methane calculation indicated reflection of the mein shock at the
ground at 14.4 milliseconds with a reflected peak overpressure of 580 psi

(extrapolated). T“rom this time on, the two-dimensionai phenomenology is similar

to that for the TNT.

During the methane calculations the peak overpressures for stations 5 and 6
were lost. The loss of these peaks affect only the overpressyre waveform and
overpressure impulse for these stations. 11 other parameters ar¢ unaffected,
The overpressure plots which appear for these stations (5 and 6) have onl- those
points which were dumped on output tape to replace the missing points. The
appendix to this report contains summary plots of information contsined in the

detailed plots of Volume II.

34

.

B ————— ——— po




e e
e

T i e =

*I¥V PU® IN1 103 23w3S Jo suorawnbz ayl 103 snypwy °sA ansswij Aeagd jo uosyiwdwo) -y sandiy ,,
i
{w) SNIQVY
00! 06 08 oL 09 oS oY oc 02 0 000 ﬂ
i | T T 1 T I I i T
— —d i
o JLVLS 30 NOILYNDI ANL X | |
31viS 40 NOILLVNADI YIV -~
- —d q“
»
»x
ol = &
™ :
2 |
— - c :
. {
™ wy
Lu % .M
- FL N -~ |
x > ,
» 3
w-n ~—o0z,. "™ j
» S '
= X — o
- Xe
L p X o
2 x *
—_ - -
3 4
2 3, et M
X ]
m - 1 .
< \ ! i 1 ] 1L | | ! | _N
w
: y - - ~ ' P
_ . i




APVL~-TR-66-141, Vol. 1

3. Compsrison of the Methane and TNT Results

Both runs were made on identical grids, the only difference being the input .
conditions from the SAP calculation. In both cases an interface of crace
particles was placed at the gas-air interface. .

Tﬁi- interface brings to light the first notable difference in rhe
calculation. The high density TNT expanding into the low density air jives rise
to Taylor instabilities at the interface. These can be clearly seen oun the TNT
plots. Since the methane-oxygen mixture has nearly the same density as air, the
above condition does not exist, and in fact is not zeen in the calculation.

The overpressure for TRT =t & radius of 16.8 meters is less than that for
methane at the same radius. At a radius of 26 meters the TNT overpressure exceeds
that of the methane. This is due to the somevhat larger kinetic energy of the
TNT shock.

Although the peak pressure and peak dynamic pressure of the TNT shock are
ﬂ>4 greater than that of methane to a radius of %4 meters, the impulses in both
cases are larger for the methane than for TNT. This means that the shock from

sethane is much thicker than that of TNT.




v

S e

v e S etk Ao

APWL-TR-66-141, Vol, 1

SECTION VI

TONCLUSIONS

The SAP and SHELL codes have, in past calculations, reproduced the phenome-
nology of atmosp:eric blast both quantitatively and qualitatively. Results have
agreed with experimental dats to within 10 percent. Therefore, there is con-
siderable confidence in the results reported here.

As can be seen in figures 8 and 9 there .is agreement between SAP and SEELL
overpressures, and both are¢ rrom 3 percent to 20 percent higher than Brode's
(Ref 16). The dynamic pressuves, velocities and impulses are good to within

5 percent. The calculated arrival time fc- station 1 agrees with Brode's arrival

time to within 2 overcent.
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APPENDIX

- This appendix presents a summary of the calculation in graphical form.
This information was obtained from the detailed iistory of the calculation con-

tained in Volume II.

-
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